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Abstract

Plasma etch damage to sputtered indium–zinc–oxide (IZO) layers in the form of changes in the film stoichiometry was investigated using
Auger Electron Spectroscopy (AES). While damage resulting from pure chemical etching processes is usually constrained to the surface vicinity,
ion-assisted chemical etching of IZO in Ar/CH4/H2 plasmas produces a Zn-rich layer, whose thickness (∼50 nm) is well-above the expected
stopping range of Ar ions in IZO (∼1.5 nm). Based on AES depth profiles as a function of plasma exposure time, it is concluded that the observed
Zn enrichment and In depletion deep into the IZO film are driven by the implantation of hydrogen atoms.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The development of reliable pattern transfer processes is one of
the critical issues for the integration of functional thin films
relevant for applications in electronics, optoelectronics, and
photonics. Among the various patterning techniques, plasma
etching is preferred because it allows high resolution pattern
transfer for device structures. One drawback of this method is the
formation of damage upon plasma exposure that often degrades
device performance. Depending on the material etched and the
plasma chemistry used, the damage may take the form of point
defects and their complexes, changes in near-surface stoichiom-
etry, presence of residual etch products or deposition of polymers.
A number of experiments have confirmed the presence of these
various forms of etch-induced damage using electrical, optical,
and structural characterization techniques [1–12]. For physical
sputtering, depth profile measurements have indicated that
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the damage induced by low ion energy bombardment can
extend deeper than the predicted ion stopping range because
of both ion channeling and defect diffusion [9–13]. On the
other hand, for pure chemical etching processes the damage is
usually restrained to the surface vicinity due to the expected low
diffusion coefficients under typical room-temperature etching
conditions.

In this work, we examine the mechanisms of plasma-induced
damage to sputtered indium–zinc–oxide (IZO) films during
ion-assisted chemical etching in reactive plasma chemistries.
Because of their good electrical conductivity, wide transmit-
tance window, large work function, excellent surface smooth-
ness, and low deposition temperature, IZO films have recently
emerged as a very promising material for transparent electrodes
in optoelectronic devices such as liquid crystal displays, light-
emitting diodes, and solar cells [14–17]. In contrast to pure
chemical etching processes, it is shown that changes in the IZO
film stoichiometry upon preferential desorption of group III etch
products can extend much deeper than the surface vicinity.
Possible mechanisms for the formation of such deep etch-
induced damage are discussed.
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Fig. 1. AES depth profiles of Zn (top) and In (bottom) of IZO films after etching
in Ar/CH4/H2 plasma.
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2. Experimental details

IZO films were deposited on glass substrates (Corning
EAGLE2000) using radio frequency magnetron sputtering. The
In2O3(ZnO)2 target was fabricated using high purity In2O3

(99.99%) and ZnO(99.9%) by a conventional ceramic proces-
sing technique [18]. Sputter-deposition was carried out at room
temperature with an argon pressure of 10 mTorr and a sputtering
power of 50 W. The distance between target and substrate
was fixed to 70 mm. The sample composition was analyzed
by Rutherford Backscattering Spectroscopy (RBS) using a
4.57 MeV 4He++ ion beam. The angle between the He beam and
the surface normal was 7° to minimize channeling. The detector
was placed at a scattering angle of 170°. We found an indium-
to-zinc atomic composition ratio of ∼1.3. The concentration
fraction of oxygen atoms was 56±2%, which is similar to that
expected from the In2O3(ZnO)2 target.

High-density plasma etching of IZO films was realized using
an Oerlikon (formerly Unaxis) 790 Inductively Coupled Plasma
(ICP) reactor. The 2 MHz power applied to the ICP source and
the 13.56 MHz chuck power were held constant at 300 W and
200 W, respectively. Etching was performed in Ar/CH4/H2

plasma chemistries, the mass flow rates (in standard cubic
centimeters per minutes (sccm)) being 3CH4, 10H2 and 8Ar.
The total gas pressure before plasma ignition was set to 0.67 Pa.
Under these conditions, the energy of the ions impinging onto
the material was ∼320 eV. This ion energy was calculated by
the sum of self-bias voltage and sheath potential (about 25 V for
the ICP source under investigation).

Auger Electron Spectroscopy (AES) was used to analyze the
plasma-induced damage. A Physical Electronics 660 Auger
Microprobe Electron Beam at 10 keV, 0.3 μA, 30° from sample
normal was used for the data collection while for depth profiling
the ion beam conditions were 3 keVAr+, 2.0 μA, and (4 mm)2

raster with sputter-etch rate of 86 Å/min (SiO2). A survey
spectrum (a plot of the first derivative of the number of elec-
trons detected as a function of energy) was used to determine the
composition of the outer few nanometers of each sample.
Quantifications were accomplished by using elemental sensitivity
factors. Prior to data acquisition, secondary electron images (SEIs)
were obtained to document analysis area and surface morphology.

3. Experimental results and discussion

Fig. 1 presents the AES depth profiles as a function of
plasma exposure time, t, for Zn (top) and In (bottom) atoms.
While as-grown IZO samples have homogeneous depth profiles
with concentration fractions similar to those determined by
RBS, it can be seen that after etching in Ar/CH4/H2, the
concentration of Zn progressively increases in the near-surface
region, becoming larger than that of In for t≥60 s. Fig. 1 further
shows that the thickness of the altered surface region slightly
increases between t=30 s and t=60 s, and then drastically
increases afterwards, reaching ∼50 nm at t=120 s. This is well-
above the expected stopping range of Ar ions in In1.3Zn1O3

(∼1.5 nm) determined from standard ion range simulators such
as Stopping-and-Range-of-Ions-in-Matter (SRIM) [19].
SEIs from as-deposited and post-etched IZO surfaces are
shown in Fig. 2a–d. While SEIs from as-deposited (Fig. 2a) and
30 s-etched (Fig. 2b) IZO samples show relatively smooth
surfaces, Fig. 2c and d indicate considerable surface roughening
due to the formation of particle-like features. The presence of
such features on post-etched surfaces has also been observed for
the etching of other multi-component materials such as InP and
(Ba,Sr)TiO3 in CH4/H2/Ar and Ar/Cl2 plasma chemistries,
respectively (see for example [20–22]). These features can be
attributed to the preferential desorption of one reaction
products, for example TiCl4 for (Ba,Sr)TiO3 etching in Ar/Cl2
plasmas [21]. Based on the AES depth profiles presented in
Fig. 1, the surface roughening observed in Fig. 2 for t≥60 s can
thus be understood in terms of preferential desorption of In-
containing reaction products.

For most plasma etching experiments reported in the
literature, changes in the film stoichiometry upon preferential
desorption of one reaction product are restrained to the very
near-surface region. There are several mechanisms that may
explain the unusual deep etch-induced damage displayed in
Fig. 1. The first one involves the acceleration or deceleration of
the etch rate with plasma exposure time. However, Fig. 3 clearly
shows that the IZO etch depth exhibits a fairly linear variation
with t, indicating that this mechanism cannot explain the
presence of etch-induced damage beyond the surface vicinity.
Another mechanism routinely invoked for deep sputtering-
induced damage is channeling of the ions along a low-index
direction of the crystal [9–13]. However, our separate X-ray
diffraction analysis has shown that the room-temperature-
deposited IZO layers under investigation are essentially
amorphous [23,24], which indicates that ion channeling is
unlikely to occur.



Fig. 2. SEIs from as-deposited and post-etched IZO films (a) as-deposited, (b) t=30 s, (c) t=60 s, and (d) t=120 s.
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The deep etch-induced damage observed in Fig. 1 could also
result from diffusion. Based on Fick's diffusion law, one would
indeed expect In atoms to diffuse from the bulk to the surface to
smooth the gradients resulting from the preferential desorption
of the group-III etch products. Similarly, there is accumulation
of Zn in the near-surface region due to the slow desorption of
Zn-containing reaction products so that Zn atoms should
counter-diffuse. Note that for t=120 s, Fig. 1 shows a minimum
in the In profile whereas a maximum is observed for Zn, these
features being a priori difficult to understand from diffusion
arguments alone. This behavior can probably be attributed to
polymer deposition at the topmost surface during etching in
CH4-containing plasmas which retards the desorption of
reaction products, and therefore inhibits the diffusion process
[25,26]. In this framework, using the results presented in Fig. 1
Fig. 3. Influence of the plasma exposure time on the etch depth of IZO.
for t=120 s and assuming a typical Gaussian profile in the 20–
70 nm range where polymer deposition can be neglected, one
can roughly estimate a diffusion coefficient in the 10−14–10−13

cm2 s−1 range. This is clearly much higher than the expected
thermal diffusion coefficients of any metal in any oxide (see for
example [27]). Moreover, the thickness of the altered surface
region presented in Fig. 1 drastically increases between 60 s and
120 s, which is inconsistent with the time dependence expected
from a simple Fickian diffusion process.

The presence of such threshold-like behavior in the evolution
of etch-induced damage between t=60 s and t=120 s suggests
that an additional time-dependent phenomenon is driving the
diffusion dynamics. Among possible phenomenon, the drastic
change in the Zn and In concentration fractions deep into
the IZO layer for high t can probably be attributed to the
Fig. 4. Simulated depth profile of implanted hydrogen atoms.
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introduction of hydrogen in the film upon exposure to the Ar/
CH4/H2 plasma. Indeed, based on SRIM 2003 simulations [19],
Fig. 4 shows that hydrogen ions with energy ∼320 eV im-
pinging onto In1.3Zn1O3 films can penetrate as deep as 40 nm
with range and straggling of 11 and 7 nm, respectively. In
addition, it was shown by Ip et al. [28] that hydrogen atoms are
likely to diffuse in plasma hydrogenated ZnO even for relatively
low temperatures (25–250 °C). For example, incorporation
depths of N10 μm were obtained in 0.5 h at 100 °C. Deep
penetration of H atoms was also demonstrated in other materials
for similar plasma etching conditions (see for example Refs.
[29–32]). This very high diffusivity of hydrogen atoms at such
low temperatures results from the fact that H transport in larger
host atom matrixes is driven by a direct interstitial mechanism
for which the activation energy is relatively low [33,34]. Based
on these results, it is therefore expected that upon exposure to
the Ar/CH4/H2 plasma, hydrogen atoms are implanted deeply
into the IZO layer.

In the high-density Ar/CH4/H2 plasma under investigation,
one may roughly estimate an hydrogen ion flux in the 1015

cm−2 s-1 range, yielding a hydrogen fluence of ∼1017 cm−2 for
t=120 s. This fluence is clearly high enough to form extended
hydrogen-related damage such as embrittlement, blistering, or
even cracking of the IZO layer [35–37]. Indeed, recent micro-
Raman spectroscopy measurements by R. Job [38] have shown
that plasma hydrogenation of ZnO produced nanovoids due to
the formation of H2 molecules. Cathodoluminescence measure-
ments performed on the same samples also showed significant
intensity variations which can be correlated to structural damage
and morphological changes of the ZnO. Considering the deep
penetration of H atoms evidenced above, these results suggest
that extended hydrogen-related damage is also present deep into
the IZO layers.

At this point, it is not clear which transport mechanism
driven by hydrogen-related damage is more likely responsible
for the deep Zn accumulation and In depletion during ion-
assisted chemical etching of rf-sputtered IZO layers in Ar/CH4/
H2 plasmas. A possible candidate is enhanced In diffusion/Zn
counter-diffusion due to the expected fast transport along
nanovoids or blisters boundaries [39]. However, other mechan-
isms could also be involved. Still, given the depth range where
the changes in the film stoichiometry appear and the non-
linearity of the phenomenon with plasma exposure time (i.e.
hydrogen fluence), this transport mechanism must be related to
the damage generated by the implantation of hydrogen atoms.

4. Conclusion

In summary, we have shown that for the etching of sputtered
IZO layers in Ar/CH4/H2 plasmas, changes in the near-surface
stoichiometry upon preferential desorption of the group-III etch
products can extend much deeper than the near surface region.
Given the depth range where the etch-induced damage appears
and the non-linearity of the phenomenon with plasma ex-
posure time, this mechanism was found to be related to the
implantation of hydrogen atoms. Note that these results are
expected to be applicable to the etching of other multi-
component materials in other hydrogenated plasma chemistries,
provided the system under investigation allows sufficient
preferential desorption of one of the elements.
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